Bicuspid aortic valve (BAV) represents the most frequent congenital cardiac abnormality resulting in premature valvular degeneration and aortic dilatation. In a large series of consecutive patients, we evaluated the distribution of BAV types and the associated valvular and aortic abnormalities.
Introduction
Bicuspid aortic valve (BAV) is the most common cardiac congenital variant with an estimated incidence of 0.5% in population-based studies 1 and 1% in autopsy studies. 2, 3 Aortic stenosis (AS) and regurgitation (AR) occur earlier and more frequently than in tricuspid aortic valves (TAVs). In addition, aortic dilatation is associated with BAV. Typically transthoracic echocardiography (TTE) is used to evaluate the aortic valve if acoustic window allows sufficient image quality. Cardiovascular magnetic resonance (CMR) imaging is able to depict aortic valve morphology 4 and to AS 5 and AR. 6 -8 Moreover,
it can depict associated pathologies of the thoracic aorta. 9 -12 The detection of BAV morphology can be of clinical importance, as the threshold for aortic surgery may differ between bicuspid and tricuspid valves depending on individual risk factors. 12 We therefore undertook a comprehensive CMR study to investigate the variability of BAV morphology and the associated valvular and aortic pathologies. We tested the reproducibility of CMR in assessing BAV morphology and aortic dilatation.
Methods
The study complies with the declaration of Helsinki. The local ethical committee approved the study.
Patients
We retrospectively searched our database ( 3000 CMR cases per year) from 2004 to 2009 for CMR reports including the term 'bicuspid'. From 2010 on, we prospectively enrolled all consecutive patients, in whom BAV was known or incidentally discovered during the CMR scan. All CMR scans were clinically indicated, not only for valvular lesions but also for any other clinical cardiovascular indication, e.g. stress tests.
CMR
All the patients gave written informed consent before CMR using a 1.5 T clinical scanner (Avanto or Sonata, Siemens AG Healthcare Sector, Erlangen, Germany). The left ventricle (LV) was depicted with steady-statefree precession (SSFP) cine sequences during breathhold in three long axes. Typically spatial resolution was 1.8 × 1.8 × 6 mm/voxel. Based on an optimized double-oblique view of the left ventricular outflow tract that was based on the centre of the aortic root, we obtained five contiguous SSFP cine slices of 5 mm thickness aligned to the aortic valve plane to depict valvular morphology. 13 In-plane resolution was 1.7 × 1.7 mm/pixel. The thoracic aorta was covered with axial localizers (steady-state gradient echo, slice thickness 6 mm, no gap, in plane resolution 1.4 × 1.4 mm) in all cases and additionally with contrast-enhanced three-dimensional (3D) MR angiography (0.2 mmol/kg gadoteridol at 2 mL/s; voxel size 1.1 × 0.9 × 2 mm) if clinically indicated. If aortic regurgitation was assumed in cine images, we additionally acquired a breathhold segmented phase contrast measurement (echo time 2.3 ms, slice thickness 5.5 ms) perpendicular to the ascending aorta across the sinotubular junction (STJ).
Image analysis
Using Osirix (version 3.9; www.osirix-viewer.com), we visually analysed all images across the aortic valve to categorize valvular morphology. We classified the BAV-type according to the Sievers terminology. 14 First, the presence or absence of a raphe and its number was determined. Secondly, the position of a raphe between two cusps was determined. The potential subtypes therefore are 0-lateral, 0-AP, 1LR, 1RN, 1LN, 2 (unicuspid) (Figure 1) . Valves, that were considered tricuspid or only mimic a congenital bicuspid morphology due to extensive degenerative changes, were excluded. Reasons to classify a valve as tricuspid with secondary fusion were cusps of equal size and an angle of 1208 between commissures. The true bicuspid valves frequently feature cusps of different size and uneven angles between commissures closer to 1608 than 1208. Partly opening raphes with otherwise bicuspid morphology or advanced age alone were not criteria to consider a valve as tricuspid. All valves, that appeared difficult to classify and might represent TAV by one observer, were seen by an independent second observer. These debatable valves were mixed in random order with 24 randomly chosen valves selected from the study group by a random number generator. Observers had not only to decide between BAV and TAV, but between six different morphologies of BAV. The aortic valve orifice area was quantified with planimetry on Osirix and considered stenotic if smaller than 2 cm 2 . Aortic regurgitation was considered significant if regurgitation fraction based on the CMR flow measurement was .10%.
In those patients with 3D MR angiography two independent investigators measured the aorta at seven landmarks [bulbus, STJ, midascending aorta, proximal arch, mid-arch, proximal descending aorta, mid-descending aorta] according to the AHA guidelines. 15 Measurements were done in an oblique orientation perpendicular to the main direction of flow using a 3D viewer. In cases without 3D CMR angiography, the maximal aortic diameter was measured on axial slices and the aortic root was assessed on cine images. The ascending aorta was considered dilated if larger than 2.1 cm/m 2 according to European guidelines. 16 The aortic arch geometry was described as gothic, crenel, or normal based on its height (A) and transverse diameter (T) as described before by Ou et al. 17 and similarly by others. 18 The A/T ratio was calculated.
Statistical analysis
Calculations were performed with SAS 9.2 (SAS Institute, Inc., Cary, NC, USA). Data are presented as means + standard deviation. Observed and expected frequencies of valvular abnormalities in various subtypes of BAV were compared with the Chi-test and Fisher's exact test. We applied ANOVA and t-tests to test for differences in age among different types of valve morphology. Subgroups with ,10 patients were not analysed separately. Inter-observer variability for BAV-subtypes was assessed with Cohen's kappa-statistics. Kappa coefficients were calculated to evaluate the observer agreement. For binary data, the simple kappa coefficient was used, for multinominal data, a weighted kappa was calculated. 19 For aortic dimensions inter-observer variability was assessed by Bland -Altman analysis.
Results
We Cardiac magnetic resonance imaging of congenital bicuspid aortic valve
Aortic valve morphology Table 1 describes the distribution of aortic valve morphology. The 1LR type (one raphe between left and right cusp) was the predominant type found in 60% of patients, followed by type 1RN in 16%. All other types were rather infrequent. Examples are given in Figure 2 . 
Valvular dysfunction

Age distribution
Patients with AS, regurgitation, or normal valvular function differed in age (P , 0.001; Table 2 ). Those with AS were older (64 + 12 years) than the overall average (P , 0.001). The patients with AR and those without valvular abnormality were younger than those with AS (49 + 13 years; P , 0.001 and 50 + 12 years, P , 0.001 respectively). Patients with a mixed lesion of stenosis and regurgitation were older than those with pure regurgitation (P ¼ 0.012) and those with normal valvular function (P , 0.04).
Aortic morphology
In 84 patients (35% of the total group) contrast-enhanced 3D CMR angiography was available for evaluation ( Figure 3 cases with aortic dilatation, there was no discernible preference for any specific BAV-type. Predominantly, the ascending aorta was dilated (maximal aortic diameter for the whole group at the midascending aorta with 44 + 7 mm) while aortic root dilation was found in five cases only ( Figure 4) . Coarctation or a surgically corrected coarctation was present in five cases. Among 47 patients with apparently normal valvular function still 15 (32%) had aortic dilatation. The A/T ratio was 0.54 + 0.15 on average. A gothic aortic arch (A/T 0.86 + 0.17) was found in five cases, a crescent aortic arch in two cases (A/T 0.37).
Inter-observer variability
Nineteen aortic valves (8% of the total study group) were considered difficult to classify or potentially tricuspid valves and mixed together with 24 randomly chosen bicuspid valves. Two independent observers agreed in 39/43 cases (91%) whether the valve was bicuspid or tricuspid. In three additional cases they disagreed about the BAVsubtype resulting in an overall agreement about aortic valve morphology in 36/43 cases (84%). The kappa coefficient of the two observers across the six categories (1LR, 1RN, 1LN , 0-AP, 0-lat, and TAV) was 0.77 (95% CI: 0.60; 0.95). When TAV was compared against non-TAV, the kappa coefficient of the two observers was found to be 0.80 (95% CI: 0.61; 0.99).
There was a low variability between two observers for aortic dimensions (r ¼ 0.99). The mean difference between observers was 0.20 + 0.88 mm with narrow limits of agreement (21.52 to 1.93 mm).
Discussion
To the best of our knowledge, we present the largest series of CMR imaging in patients with BAV so far. We applied the Sievers classification 14 that not only describes the orientation of the bicuspid orifice, but also includes the number and presence of a raphe and thereby results in a more detailed characterization of valvular morphology. In addition, we included inter-observer analysis corroborating substantial inter-observer agreement in detecting BAV and its morphologic subtypes and thereby underscore the quality of CMR imaging for the aortic valve.
Our results indicate that CMR can clearly depict the morphology of bicuspid aortic valve and reliably discern anatomic variants as well as the associated aortic pathologies. Our experience suggests that a single slice is not sufficient to assess aortic valve morphology due to inherent through plane valvular motion. A raphe might be visible in one slice, but easily be overlooked in the next. Therefore, it appears mandatory to evaluate valvular morphology in multiple slices across the valve.
Aortic valve morphology and function
The distribution of BAV-subtypes found in our patients is in accordance with autopsy and surgical series described before: 14,20 -22 The great majority of cases features one raphe mostly in the LR-position. AS was the most frequent valvular lesion. Patients with aortic regurgitation were younger than those with AS. Different BAV-subtypes tended to result in valvular pathologies to a different degree, but these trends did not reach statistical significance and might still be due to chance in smaller subgroups of patients. Cardiac surgeons have suggested that determination of commissural orientation and coaptation height might be important for the success of bicuspid valve repair. 23 The image quality and the low inter-observer variability achieved in our study show that CMR can provide detailed anatomical information in this regard.
Aortic morphology
Aortic dilatation is common in bicuspid aortic valve due to both, genetically induced changes in aortic wall structure and haemodynamic sequelae of valvular dysfunction. 24, 25 We could confirm in our series aortic dilatation as a frequent finding that mostly affected the tubular ascending aorta. This supports observations by Fernandes et al. 26 in paediatric patients. 10 One third of those patients with normal valvular function in our group nevertheless had aortic dilatation underscoring the genetic aetiology independent from pure haemodynamic reasons for dilatation. In our series, we did not find geometric patterns like gothic or crenel to be very helpful for diagnostic analysis as only a small minority of patients fell into these categories. BAV-subtype was not related to the incidence of aortic dilatation in our patient group. This is in accordance with previous reports. 4, 22, 27 Two studies found more aortic dilation in type 1LR
and 0-AP, but both studies relied on TTE alone for imaging the aortic valve and the aorta. 28, 29 Cutting edge four-dimensional flow visualization using CMR indicates that bicuspid aortic valve morphology has an impact on aortic flow patterns and aortic wall stress. 30 -32 This illustrates the potential of CMR for further clinical risk stratification in patients with BAV.
Imaging modalities
TTE remains the first-line diagnostics for aortic valvular diseases. However, delineation of morphologic details, e.g. identification of a raphe can be difficult as even echo experts conceded. 28 Other Figure 4 Aortic diameter in those 84 patients with 3D CMR aortic angiography. Means + SD is shown for aortic diameter at seven standardized aortic levels. The maximum aortic diameter was found in the mid-ascending portion. Additionally, dilatation of the aortic bulbus was found.
Cardiac magnetic resonance imaging of congenital bicuspid aortic valve groups have described BAV morphology using CMR before. 4,33 -35 CMR was superior in detecting BAV compared with TTE with intraoperative inspection as the gold standard. 33, 36 In children 3D TTE might be of benefit in characterizing BAV morphology. 37 Cardiac computed tomography (CT) is able to depict bicuspid morphology and the associated aortic changes, 38 -41 but is limited by radiation exposure and temporal resolution. Lee et al. 42 found almost identical sensitivity and specificity of CT and CMR in differentiating bicuspid from tricuspid aortic valve morphology. Multiplane transoesophageal echocardiography yielded a sensitivity of 87% and a specificity of 91% for the detection of BAV (not BAV-subtype) compared with surgical inspection. 43 We demonstrated that CMR can depict detailed BAV morphology and the associated pathologies without radiation. Therefore, CMR appears as a useful tool for monitoring and presurgical planning in these patients.
Limitations
The study has not been designed for direct comparison of echocardiography. In a substantial number of cases, BAV was detected by chance during a CMR study for other purposes. In other cases, an aortic valve problem had been described by echo before but transthoracic echo had not described valve morphology. Our analysis is not free from referral bias. We did include both, patients referred for a known valve problem and those with incidental detection of BAV. We did only see those patients that had sought medical contact for any cardiovascular problem. Therefore, we cannot assess the true incidence and distribution of BAV-subtypes.
Aortic geometry is not only determined by aortic valve morphology, but also by age and pulse pressure. 18 In our analysis, we did not account for this when describing aortic geometry. Only in a subgroup of patients the aorta has been imaged with 3D MRA. However, earlier work demonstrated, that aortic diameters are comparable between axial and 3D imaging methods. 44 
Conclusion
CMR can discern various morphologic subtypes of BAV with high reproducibility and assess its associated valvular and aortic abnormalities. The valvular pathologies tend to vary across BAV-subtypes and age. Aortic dilatation is frequent and independent from BAV-type or valvular lesion. In the future, CMR might therefore help to guide management in patients with BAV.
